In normal dogs fed diets containing 1% cholesterol and 30% saturated fat, cholesterol concentration increased in plasma, cardiac lymph, and peripheral lymph. The increase in cardiac lymph cholesterol always exceeded that of peripheral lymph. At plateau, LDL cholesterol increased in plasma and peripheral lymph but not in cardiac lymph; HDL 2 cholesterol increased in all compartments and HDL C appeared in plasma (86.6 ± 22.2 mg cholesterol/dl) with cholesterol feeding. In cardiac and peripheral lymph, a lipoprotein fraction with ultracentrifugal and pevikon electrophoretic characteristics of plasma HDL C (designated HDL 1.063) was isolated and contained 9.4 ± 1.3 and 11.9 ± 6.8 mg cholesterol/dl respectively. The lymph/plasma (L/P) ratios of lipoproteins were generally higher in cardiac lymph compared to peripheral lymph. In cholesterol-fed dogs, the L/P ratios of LDL were reduced compared to control dogs while HDL 2 was unaffected, indicating selective interstitial distribution of lipoproteins. On agarose electrophoresis, lymph lipoproteins migrated faster than plasma lipoproteins, suggesting subtle changes in the structure and/or composition, findings consistent with the suggestion that lipoproteins undergo modification in the interstitial space. Thus, each interstitial space, as reflected by lymph, has a characteristic mixture of lipoproteins that can be altered by a high cholesterol diet in a manner that is unique to each particular tissue compartment. (Arteriosclerosis 4:435-442, July/August 1984) C holesterol feeding to dogs and many other experimental animals 1 exerts a profound effect on plasma lipoproteins in general but induces the appearance of a specific HDL subclass rich in apo E, called HDL C , which is associated with the development of hypercholesterolemia and atherosclerosis.
C holesterol feeding to dogs and many other experimental animals 1 exerts a profound effect on plasma lipoproteins in general but induces the appearance of a specific HDL subclass rich in apo E, called HDL C , which is associated with the development of hypercholesterolemia and atherosclerosis. 2 In previous work from this laboratory, 3 it was shown in dogs and pigs that a significant portion of plasma lipoproteins distribute in interstitial compartments and that cardiac lymph contains lipoproteins in concentrations 50% that of plasma. It was therefore of interest to study the induction of cholesterol-rich lipoproteins by dietary means in normal dogs to monitor their appearance in plasma and to determine their distribution in interstitial compartments directly by analyzing samples of cardiac and peripheral lymph. The present study demonstrates significant accumulation of HDL C and other cholesterol-rich lipoproteins, HDL 2 and LDL, in plasma. Cholesterol-rich lipoproteins also accumulated in cardiac and peripheral lymph but the concentration of lipoproteins in each compartment differed from each other, suggesting regional variation in the distribution and/or metabolism of lipoprotein fractions.
Methods

Experimental Animals
Plasma, cardiac, and peripheral lymphs were obtained from overnight fasted adult mongrel dogs weighing 20 to 25 kg. Before the experiment the dogs were maintained on a commercial Lab Canine Diet (Purina) for at least 1 month. Cardiac and peripheral lymph was collected under general anesthesia induced with i.v. sodium pentobarbital and maintained with 1.5% fluothane in NO 2 -O 2 (2:1). Cardiac lymph was obtained from a main efferent cardiac lymph trunk located near the superior vena cava, identified by direct inspection without the aid of dye and cannulated under the microscope by using a siliconized polyethylene catheter as previously described. 3 Collateral lymph trunks were not tied off during the collection, and only the largest cardiac lymph vessel was cannulated when more than one vessel was present. Care was taken to prevent contamination of cardiac lymph with blood by avoiding traumatic manipulations of the heart and injury of the pericardium, which was not entered. The source of fluid was validated by intracardiac injection of Patent blue at the end of the experiment and no tracheobronchial nodes were visible between the collecting site and the myocardium. Peripheral lymph was obtained by cannulating a hind leg superficial lymph vessel distal to the popliteal lymph node. Lymph vessels were cannulated without the aid of distal injection of dye to avoid the artifact of trauma to the interstitial space being drained. Lymph flow was maintained by passive ankle flexion. Both cardiac and peripheral lymph was collected for 2 to 4 hours into tubes immersed in crushed ice and containing 50 ^il EDTA (7.5%) as an anticoagulant. Centrifugation of cardiac and peripheral lymph confirmed the absence of red cells as no sedimentation was visible. Blood was withdrawn in a syringe containing 7.5% EDTA from a catheter introduced in the cephalic vein. The lymph/plasma ratios for albumin were determined by a colorimetric method (Sigma Chemical Corporation kit No. 630 for albumin determination) in several experiments and found to be 0.69 ± 0.07 (mean ± SEM, n = 6) and 0.19 ± 0.05 (n = 6) for cardiac and peripheral lymph, respectively. These ratios were consistent with other reported studies.*" 5 Before lymph sampling, dogs were fed a control lab Canine Diet (Purina) for 1 month or a saturatedfat and cholesterol-rich diet containing 1% cholesterol, 30% lard, and 69% Purina Lab Canine diet. The cholesterol-rich diet was prepared by dissolving crystalline cholesterol (Sigma) into melted lard (Tenderflake, Canada Packers Incorporated) at 80° C and adding this mixture to ground dog chow. Each batch was packaged in 400 gm aliquots and stored at -20°C
. The dogs were fed 400 g of the diet per day (5.56 Kcal/g) and tap water ad libitum. Experimental procedures were approved by the University of Toronto Animal Care Committee and were in accordance with the recommendations of the Canadian Council on Animal Care.
Preparation of Llpoprotelns
Plasma and lymph were obtained in the fasted state (20 hours) and analyzed by agarose electrophoresis (Beckman Paragon electrophoresis) before ultracentrifugation at densities 1.006, 1.063, 1.087, and 1.21 as previously described. 3 VLDL was obtained at density 1.006 and HDLj at density 1.087 to 1.21. In addition, LDL and HDL in the density range from 1.006 to 1.063 were isolated by Pevikon block electrophoresis; 2 details of this procedure have also been reported previously. 3 Plasma and lymph HDL purified from density 1.006 to 1.063 will be referred to as HDL 1.063. This fraction (HDL 1.063) in control plasma corresponds to HDL, and in cholesterol-fed dogs corresponds to HDL C . Recovery of lipoprotein cholesterol following ultracentrifugation and Pevikon electrophoresis was 84% ± 1.5% (n = 3). All lipoproteins migrated as single bands in agarose gel electrophoresis.
Characterization of Llpoprotelns
The apoprotein content of the purified lipoproteins were analyzed by sodium-dodecyl-sulfate polyacrylamide (10%) gel electrophoresis. 6 Lipids were extracted from lipoprotein fractions, total plasma, and lymph according to the method of Folch et al. 7 Total cholesterol and triglycerides of total plasma and lymph and lipoprotein fractions were analyzed by Technicon AutoAnalyzer. Phospholipids were measured by Bartlett's method. 8 The aqueous phase and interface precipitate obtained after the Folch extraction of lipoproteins were used to measure apoprotein concentration as previously reported. 9 Proteins were measured according to the method of Lowry et al. 10 Amino acid analyses were done on a Beckman 121 automatic analyzer. Amino acid mixtures were prepared as follows: apoproteins obtained after delipidation according to Folch method 7 were sequentially washed and spun four times with 10% TCA/ 95% ethanol (1:1), 95% ethanol, 95% ethanol/ether (1:1) and ether. The precipitate was evaporated to dryness and digested overnight in 5.8N HCI containing 100 to 200 nmoles L-norleucine as an internal standard and 20 p\ of dimethyl sulfoxide per ml of 5.8N HCI.
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Statistical Analysis
The data are expressed as means ± SEM. Statistical evaluation of the data was by Student's t test. Differences were regarded as significant when their probability was greater than 95%.
Results
Plasma and Lymph Llpld Composition during Cholesterol Feeding
Upon institution of the cholesterol-saturated fat diet, plasma cholesterol rapidly increased during the first 4 days ( Figure 1 ) and plateaued within 10 days at between 200 and 450 mg/100 ml. A similar rapid increase in plasma phospholipids was also observed during the same period, with a mean plasma concentration of 425 mg/100 ml. Upon reinstitution of a normal diet, plasma lipid levels rapidly declined over the subsequent 3 weeks (data not shown). This decline indicates that nutritionally induced hyperlipoproteinemia is a transient adaptation to high cholesterolsaturated fat feedings. The lipids in plasma, cardiac, and peripheral lymph of the control dogs and the dogs fed cholesterol and saturated fat are presented in Table 1 . In control dogs, the mean cholesterol, phospholipid, and triglyceride concentrations in cardiac lymph were 37% to 41% that of plasma, and the corresponding values in peripheral lymph were 13% to 14% that of plasma. The high fat diet induced a hyperlipidemia characterized by a doubling of plasma cholesterol concentration, and a 1.7-fold increase in plasma phospholipids. A proportional increase in cholesterol also occurred in both cardiac and peripheral lymphs. With cholesterol feeding, plasma and peripheral lymph phospholipids increased significantly, but no change occurred in cardiac lymph. The changes in total triglycerides were not significant.
Characterization of Purified Llpoprotelns
Agarose electrophoresis of plasma lipoproteins revealed an increased p-migrating lipoprotein (LDL) concentration and the appearance of a new a-migrating lipoprotein (HDL C ) during cholesterol feeding (Figure 2) . A marked increase in LDL and the appearance of a-migrating lipoproteins characterized the changes in peripheral lymph lipoproteins with fat feeding. In cardiac lymph, HDL, was readily apparent, but no accumulation in LDL was evident. It was also apparent that the mobility of lymph lipoproteins in both control and cholesterol-fed animals were faster than the corresponding plasma lipoprotein particles. In cardiac lymph, a shoulder on HDL, was evident, but its nature is not known. Plasma and lymph lipoproteins were then fractionated and purified as described above. In control dogs, the cholesterol concentration was significantly lower in cardiac lymph HDL 1.063 (p < 0.05) and HDL, (p < 0.001), and in all peripheral lymph lipoproteins (p < 0.01) compared to plasma ( Table 2 ). The cholesterol-rich diet induced an increase in plasma lipoproteins, mainly in LDL (33.5 mg cholesterol/100 ml) and HDL 1.063 (86.6 mg cholesterol/100 ml). With cholesterol feeding, HDL 1.063 increased in cardiac lymph (9.4 mg/100 ml) and peripheral lymph (11.9 mg/100 ml). A proportional increase in phospholipid was observed in plasma lipoproteins and in cardiac and peripheral lymph HDL 1.063. There was no significant increase in plasma VLDL. Calculation of the cholesterol/protein ratio revealed that with the diet, plasma LDL became enriched in cholesterol Results are means ± SEM. The diet consisted of cholesterol (1%), lard (30%), dog chow (69%), given for 3 weeks. Values are significantly greater than the corresponding controls: *p < 0.005; f p < 0.01; tp < 0.05. Results are means ± SEM. n = number of dogs. Significance of differences between control and diet: *p < 0.025; t p < 0.05. Results are means ± SEM. "Significantly less than corresponding HDL 2 (p < 0.05). fSignificantly greater than corresponding values in peripheral lymph (p < 0.01).
Significantly less than control (p < 0.025).
and HDL 1.063 had the highest cholesterol/protein ratio. Based on measurement of protein content, an increase in HDL 1.063 was also apparent. The plasma HDL 1.063 protein concentration was 4.0 ± 1.5 mg/100 ml (mean ± SEM, n = 4 animals) in control dogs vs 12.1 ± 4.9 in cholesterol-fed dogs. The corresponding values for HDI_2 were 210 ± 52.3 and 162.9 ± 46.2. It is noteworthy that in the cholesterol-fed state, HDL 1.063 accumulated in plasma to a greater extent than in the cardiac lymph. While 38% of plasma cholesterol was in HDL 1.063, only 14% of cardial lymph cholesterol was in HDL 1.063 (Table 2) . Similarly, 35% of plasma phospholipids was in HDL 1.063 whereas 8% of cardiac lymph phospholipids was in HDL 1.063. Analysis of lymph-plasma (UP) ratios of lipoprotein cholesterol indicated that the accumulation of various lipoproteins in plasma differed depending on the lipoprotein class and the lymph bed examined (Table 3 ). It is apparent that the L/P ratios of LDL, HDL 1.063, and HDL, in cardiac lymph of control dogs were very similar to each other. Furthermore, the L/P ratios of lipoprotein in control animal peripheral lymph also were similar to each other. It is noteworthy that the L/P ratios in control animal cardiac lymph were generally greater than the corresponding values in peripheral lymph. A cholesterolsaturated fat diet appeared to have the greatest effects on L/P ratios of cardiac lymph LDL and HDL 1.063 but not on HDL,, suggesting nonuniform or selective distribution of lipoprotein in this interstitial bed. Cholesterol feeding also had a profound effect on the L/P ratio of LDL in peripheral lymph but had little effect on the L/P ratio of HDL 1.063 or HDL,. This suggests that the distribution of lipoproteins between the plasma and the extravascular space is altered by diet and affects lipoprotein classes differently.
The amino acid composition of canine plasma lipoproteins is shown in Table 4 and reveals that the Results are means ± SEM. The plasma HDL 1.063 protein concentration was 4.0 ± 1.5 mg/dl (n = 4 animals) in control and 12.1 ± 4.9 in cholesterol-fed animals. The corresponding values for HDL 2 were 210.4 ± 52.3 and 162.9 ± 46.2. *p < 0.05; fcorresponds to HDL,; ^corresponds to composition of HDL, did not change during cholesterol feeding and was rich in arginine and lysine compared to control HDL 1.063. In cholesterol-fed dogs, the HDL 1.063 fraction was rich in arginine (7.41 ± 0.27) and poor in glycine (4.9 ± 0.48) compared to corresponding control HDL 1.063 values. The apolipoprotein distribution of plasma VLDL, HDL 1.063, and HDL, of cholesterol-fed dogs is shown in Figure  3 . The major apolipoprotein component of HDL 1.063 and HDLj fractions is a protein with molecular weight of apo A (27,000 daltons). In addition, VLDL and HDL 1.063 contain a protein of molecular weight (which corresponds to HDLJ (Lane 3) and HDL 2 (Lane 4) from a cholesterol-fed dog. The proteins were stained with Coomassie blue and compared with molecular weight standards (Lane 1) (Pharmacia: phosphorylase b, 94,000; BSA, 67,000; ovalbumin, 43,000; carbonic anhydrase, 30,000; soybean trypsin inhibitor 20,000) and were run in parallel with plasma lipoproteins. The major apolipoproteins were identified based on the estimated molecular weights. approximately 35,000 daltons similar to apo E. Not all the VLDL apolipoproteins were rendered soluble in the SDS buffer before electrophoresis, probably due to the poor solubility of apo B, some of which was visible at the top of the gel (Figure 3, gel 2) .
Discussion
Cholesterol and saturated fat feeding of normal dogs induced a rapid increase in plasma cholesterol, which reached a plateau within 10 days (Figure 1) . As revealed by lipoprotein analysis, cholesterol feeding was associated with an increase in plasma LDL, HDL,, and in the HDL 1.063 fraction ( Figure 2 and Table 2 ). These results are similar to that reported by Mahley et al. 2 The plasma lipoprotein fraction HDL 1.063 was rich in arginine (Table 4) and apo E (Figure 3 ) and possessed the ultracentrifugal and electrophoretic characteristics of plasma HDL,, described by Mahley et al. 2 In control dogs, HDL^. was not present and the plasma lipoprotein fraction HDL 1.063 was similar to HDL, as previously reported.
2 Considerable evidence was obtained to indicate that plasma HDL, and HDL,, are separate and distinct particles. First, HDL^ showed a higher cholesterol/protein ratio compared to HDL, (Table 2) . Second, HDIp articles were different from HDL, in that the former contained higher proportions of arginine and lower proportions of glycine than the latter (Table 4 ). The overall similarity of amino acid composition between HDL C and HDL, is consistent with the suggestion that HDL C arises by conversion of HDL, to a more cholesterol-rich particle. 12 There was no evidence of p-VLDL in our short-term feeding experiments in contrast to hypothyroid dogs 2 or euthyroid dogs fed cholesterol-rich diets for more than 1 year where p-VLDL has been observed. 13 The increase in plasma LDL (d = 1.006-1.063) was associated with an increase in peripheral lymph LDL (Figure 2 ) but, interestingly, this was not accompanied by similar changes in cardiac lymph, where no significant increase in LDL occurred ( Figure 2 and Table 2 ). The lack of a proportional change in cardiac lymph LDL compared to plasma and peripheral lymph is unexplained. While this could represent reduced transcapillary flux of LDL into the cardiac bed, it may also be the consequence of more rapid clearance of LDL by cardiac interstitial cells (cardiocytes and adipocytes).
The study of lymph lipids (Table 1) indicated that the cardiac and peripheral lymphs contained significantly less cholesterol than plasma (37% and 14% that of plasma respectively), which is in agreement with previous reports on dog cardiac lymph 3 and human pedal lymph.
14 Analysis of the lipoprotein fractions indicated that plasma and lymph cholesterol and phospholipids were mainly carried in HDLj (70% to 95%), and that cardiac lymph HDL, and HDL, were usually three to four times higher in concentration than that in peripheral lymph (Table 2 ).
Cholesterol-saturated fat feeding resulted in an increase in plasma HDL, cholesterol concentration and cholesterol/protein ratio (Table 2 ) but had no effect on HDL, protein concentration (Table 4 ). The increase in lymph HDL, cholesterol did not show statistical significance because of animal-to-animal variations (Table 2 ). Mahley et al. 2 found similar variations in plasma lipoproteins which may reflect biological variations in response to high fat diets.
The appearance of HDL,, in the plasma of cholesterol-fed animals was associated with the accumulation of an HDL species of similar density (HDL 1.063) in both cardiac and peripheral lymph. We found that 30% of the peripheral lymph cholesterol was carried in HDL 1.063 compared to 14% in cardiac lymph (Table 2) , which indicated a proportionally larger cholesterol increase in HDL 1.063 in peripheral lymph. The lymph/plasma (L/P) ratios of LDL and HDL cholesterol (Table 3) showed significant differences between the two interstitial compartments. In control dogs, the L/P ratios of LDL, HDL 1.063 and HDL, were higher for cardiac than for peripheral lymph. This suggests an increased permeability of lipoproteins in the cardiac capillary bed and is consistent with the L/P ratios of albumin in the two compartments. As noted in Methods, the L/P ratio of albumin in cardiac lymph was three times higher than peripheral lymph.
With cholesterol feeding, the greatest change occurred in cardiac lymph LDL where a 66% decrease in LDL UP ratio was observed. The diet had little effect on HDL, L/P ratios. The L/P ratios of HDL 1.063 from cholesterol-fed dogs were identical in both lymphs and were similar to LDL L/P ratios, and lower than HDL, L/P ratios. These findings prompt the suggestion that, in cholesterol-fed animals, both LDL and HDL C leave the capillaries and enter the interstitial compartment from which they may be cleared and/or undergo modifications. This is further supported by the presence of lipoprotein-metabolizing enzyme (LCAT) in cardiac lymph 15 and the production of LDL in the cardiac interstitial space. 3 Moreover, Mahley has suggested 12 that HDL with apo E (HDLJ may deliver cholesterol to extra hepatic peripheral tissues, a process that could explain the low L/P ratio of HDL 1.063 in cholesterol-fed animals noted in Table 3 . Another explanation for the lower L/P ratios includes selective accumulation of large HDL particles in plasma that do not readily transfer into the interstitial space. However, this filtration or sieving type of mechanism is inadequate to explain the distribution of cholesterol-rich lipoproteins in cardiac and peripheral lymphs of normal dogs. Our data (Table 3) show that HDL,, a particle smaller than LDL, yielded a similar L/P ratio to LDL in control cardiac and peripheral lymph, suggesting that the size of lipoprotein particles may not be the sole factor governing their distribution into lymph.
There were consistent differences in the electrophoretic mobility of lymph lipoproteins compared to plasma particles (Figure 2 ). The fact that these differences occurred in lymph obtained atraumatically and in the absence of inflammatory exudate or dyes, suggests that serum lipoproteins undergo significant modifications in structure and function on leaving the vascular space. The factors responsible for the increased mobility of lymph lipoproteins were not established, but the finding suggests that subtle changes in lipoprotein structure and/or composition may have occurred during passage through the endothelial barrier 16 or within the interstitial space. 17 It is of interest that changes in the size distribution of HDL particles in human peripheral lymph, favoring the larger species, has been noted. 18 Furthermore, altered electrophoretic mobility and changes in size and shape of LDL have been observed in lipoproteins of inflammatory fluid obtained using subcutaneous sponge implants. 19 A comparison of the lipoprotein profiles of cardiac and peripheral lymph indicates significant quantitative differences between the two (Table 2 ) and suggests that each interstitial space has its own characteristic mixture of lipoproteins. These differences may reflect one or more of the following events: selective diffusion, metabolic transformations, 15 interconversions 18 or selective clearance by either return transport to plasma or cellular internalization. The pathophysiologic significance of the higher cardiac interstitial lipoprotein content compared to peripheral lymph is not established but the predilection of the coronary bed for atherosclerosis in the cholesterolfed state may be partly related to the accumulation of cholesterol-rich lipoproteins in the extravascular space.
